The kinetics of hydrogen absorption/desorption can be improved by decreasing particle size down to a few nanometres. However, the associated evolution of activation energy remains unclear. In an attempt to clarify such an evolution with respect to particle size, we electrochemically deposited Mg nanoparticles on a catalytic nickel and noncatalytic titanium substrate. At a short deposition time of 1 h, magnesium particles with a size of 68 ± 11 nm could be formed on the nickel substrate, whereas longer deposition times led to much larger particles of 421 ± 70 nm. Evaluation of the hydrogen desorption properties of the deposited magnesium nanoparticles confirmed the effectiveness of the nickel substrate in facilitating the recombination of hydrogen, but also a significant decrease in activation energy from 56.1 to 37.8 kJ·mol −1 H 2 as particle size decreased from 421 ± 70 to 68 ± 11 nm. Hence, the activation energy was found to be intrinsically linked to magnesium particle size. Such a reduction in activation energy was associated with the decrease of path lengths for hydrogen diffusion at the desorbing MgH 2 /Mg interface. Further reduction in particle size to a few nanometres to remove any barrier for hydrogen diffusion would then leave the single nucleation and growth of the magnesium phase as the only remaining rate-limiting step, assuming that the magnesium surface can effectively catalyse the dissociation/recombination of hydrogen.
Introduction
With the purpose of storing hydrogen in a compact and safe form under mild conditions of temperature and pressure, many efforts have been devoted to metal hydrides research. In particular, magnesium has been the focus of extensive investigations, owing to its high gravimetric capacity (7.6 mass % H 2 ) and abundance [1, 2] . Currently, magnesium still requires temperatures >300 • C to achieve practical storage capacities following the reaction in Equation (1) and, so far, the various alloying strategies explored have had a limited impact on the overall improvements of the thermodynamics of the magnesium/hydrogen reaction [2] . For hydrogen uptake and release close to the ambient temperature, the enthalpy of the reaction needs to be brought down to~40 kJ·mol −1 H 2 instead of the current 75 kJ·mol −1 H 2 .
Mg + H 2 → MgH 2 + 75 kJ·mol −1 (1) Another issue is the slow kinetics for hydrogen release and uptake, owing to the large energy needed to split hydrogen molecules at the magnesium surface (i.e., 432 kJ·mol −1 H 2 ) and the additional energy barrier for hydrogen penetration, the slow diffusion of hydrogen within magnesium (4 × 10 −13 m 2 ·s −1 ), and the energy barrier for the nucleation and growth of the hydride phase [1] . One approach to overcome the first barrier related to the hydrogen chemisorption and dissociation is
Synthesis of Supported Magnesium Nanoparticles
The magnesium nanoparticles were electrochemically deposited on Ti and Ni substrates. To this aim, a three-electrode cell was used with the Mg ribbon acting as the counter electrode, the Ni foam or Ti foil as the working electrode, and a Pt wire as the reference electrode. The electrolyte consisted of 18 mL THF solution of 20 mM di-n-butylmagnesium and 20 mM TBAB. TBAB was used to facilitate the deposition of the Mg nanoparticles and to act as a supporting electrolyte. Electrochemical deposition was performed by applying a current of −1 mA between the working and counter electrode using a Biologic VMP3 potentiostat. At the end of the deposition process, the Ni foam and Ti foil were washed with THF and dried under vacuum on a Schlenk line. Finally, the supported Mg nanoparticles were hydrogenated under a hydrogen pressure of 3 MPa at 200 • C on a homemade Sievert apparatus to lead MgH 2 . The amount of magnesium deposited on the Ni foam after 5 h was determined by inductively coupled plasma optical emission spectroscopy (ICP-OES) with a PerkinElmer OPTIMA 7300 ICP-OES instrument (Supplementary Materials, Figure S1 ). Prior to analysis, the material (100 mg) was dissolved into 400 µL of concentrated hydrochloric acid and diluted 20 times with high-purity water. According to ICP analysis, the Ni-foam substrate, after 5 h of deposition, contained 1.7 ± 0.1 mass % of Mg, which corresponds to an overall storage capacity of 0.13 ± 0.01 mass % H 2 for the material based on Mg.
Magnesium Nanoparticles Characterisation
The morphology characterisation, energy dispersive X-ray spectroscopy (EDX), and elemental mapping of the supported magnesium particles was performed by field emission scanning electron microscopy using an FEI Nova NanoSEM 450. The materials were taken to the microscope in a closed vial under high-purity argon and transferred in air to the microscope. The size of~50 particles was manually measured and a statistical analysis was carried out to obtain the size distribution and mean particle size.
The crystalline nature of the materials was determined by X-ray diffraction (XRD) using a Philips X'pert Multipurpose XRD system operated at 40 mA and 45 kV with a monochromated Cu Ka radiation (λ = 1.541 Å)-step size = 0.01, 0.02, or 0.05; time per step = 10 or 20 s·step −1 . The materials were protected against oxidation from air by a Kapton foil.
Hydrogen desorption profiles were determined by using thermogravimetric analysis (TGA) coupled with mass spectrometry (MS). Desorptions were conducted under an argon flow of 20 mL·min −1 at 5, 10, and 20 • C·min −1 using a Mettler Toledo TGA/DSC coupled with an OmniStar MS. Masses between m/z = 2 and 100 were followed (m/z represents the mass-to-charge ratio).
Hydrogen desorption kinetics were characterised using a high-pressure magnetic balance of 1 µg resolution equipped with capability for simultaneous density measurements (Rubotherm). Around 30 mg of material was used, with a hydrogen pressure of 3 MPa for absorption and 0.01 MPa for desorption. Hydrogen uptake and release were determined from the weight changes. For an accurate determination of the amount of hydrogen stored, a blank measurement with the empty sample holder was performed to determine the mass and volume of the sample holder. Further measurements were performed under a helium atmosphere with the material fully desorbed to determine the density of the materials and corresponding parameters for buoyancy corrections. The hydrogen absorption was performed at 150 • C under 3 MPa H 2 pressure, and desorption was carried at 150, 200, and 250 • C under a pressure of 0.01 MPa.
Results and Discussions
To date, only a few groups have reported on the electrochemical synthesis of magnesium-based hydrogen storage materials [18] [19] [20] , owing to the low reduction potential of the Mg 2+ /Mg couple (−2.37 V vs normal hydrogen electrode (NHE)) and the difficulty of reducing magnesium salts by electrochemical means. Magnesium cannot be deposited from common salts, including halides, perchlorates, or ethoxides [21] . However, it has been known for sometimes that Grignard reagents (MgR 2 or MgRX, where R is an alky or aryl group and X is a halide) could lead to the effective plating of magnesium at surfaces [22] [23] [24] , following the electrochemical deposition paths [25] .
With MgR 2 : 2MgR 2 + 2e 2RMg 
2RMg
where "ad" corresponds to adsorption and "sol" to solution.
In order to minimise the codeposition of halides, we opted for di-n-butylmagnesium. The latter can also be used to generate magnesium hydride through its thermolysis route [13, 26] , and thus provides additional means for comparison with respect to the hydrogen properties of electrochemically synthesised magnesium.
Electrochemical Deposition of Magnesium Nanoparticles and Structural Properties
Cyclic voltammograms were first acquired to confirm the deposition conditions for the different substrates. As shown Figure 1a ,b, Mg was effectively deposited and reoxidised within a broad electrochemical window as per previous reports [27] . On both Ni and Ti, the addition of TBAB as a supporting electrolyte reduced the intensity of the reoxidation peak, indicating a better ability to form more strongly bonded Mg deposits [28] . It is noteworthy that the reduction current at the Ni foam was higher when compared to the Ti foil, and this was attributed to the higher surface area of the foam. Following the cyclic voltammogram, a current of −1 mA was used to ensure rapid nucleation and growth of the magnesium phase at the surface of the substrate. 
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Cyclic voltammograms were first acquired to confirm the deposition conditions for the different substrates. As shown Figure 1a ,b, Mg was effectively deposited and reoxidised within a broad electrochemical window as per previous reports [27] . On both Ni and Ti, the addition of TBAB as a supporting electrolyte reduced the intensity of the reoxidation peak, indicating a better ability to form more strongly bonded Mg deposits [28] . It is noteworthy that the reduction current at the Ni foam was higher when compared to the Ti foil, and this was attributed to the higher surface area of the foam. Following the cyclic voltammogram, a current of −1 mA was used to ensure rapid nucleation and growth of the magnesium phase at the surface of the substrate. After electrochemical deposition of magnesium, analysis by XRD confirmed that the electrodeposited material corresponded to hexagonal magnesium with very broad diffraction peaks only visible after a long deposition time ( Figure 1c ). The low intensity and broadness of these diffraction peaks suggested the formation of nanocrystalline magnesium particles.
Indeed, additional analysis of the Ni substrate by SEM confirmed the uniform deposition of small magnesium particles with an average size of 68 ± 11 nm after 1 h of deposition. Longer deposition times led to the growth of these nanoparticles up to an average size of 421 ± 70 nm after 10 h of deposition ( Figure 2 and Table 1 ). Similar deposition time on the Ti substrate led to a more rapid deposition of magnesium. After 1 h, a relatively thick film of agglomerated magnesium particles with an average size of 341 ± 60 nm was already observed ( Figure 3 and Table 1 ); and this suggested an easier deposition of magnesium on Ti and/or different nucleation and growth of the Cyclic voltammogram of di-n-butylmagnesium (MgBu 2 ) with and without tetrabutylammonium bromide (TBAB) at (a) the Ni foam electrode and (b) the Ti foil electrode; and (c) associated X-ray diffraction (XRD) at different deposition times.
After electrochemical deposition of magnesium, analysis by XRD confirmed that the electrodeposited material corresponded to hexagonal magnesium with very broad diffraction peaks only visible after a long deposition time ( Figure 1c ). The low intensity and broadness of these diffraction peaks suggested the formation of nanocrystalline magnesium particles.
Indeed, additional analysis of the Ni substrate by SEM confirmed the uniform deposition of small magnesium particles with an average size of 68 ± 11 nm after 1 h of deposition. Longer deposition times led to the growth of these nanoparticles up to an average size of 421 ± 70 nm after 10 h of deposition ( Figure 2 and Table 1 ). Similar deposition time on the Ti substrate led to a more rapid deposition of magnesium. After 1 h, a relatively thick film of agglomerated magnesium particles with an average size of 341 ± 60 nm was already observed ( Figure 3 and Table 1 ); and this suggested an easier deposition of magnesium on Ti and/or different nucleation and growth of the deposited magnesium phase. Indeed, longer deposition times led to the formation of "mushroom"-like structures of several microns (Figure 3c ). 
Hydrogen Sorption Properties
In order to assess the hydrogen sorption properties of the magnesium nanoparticles deposited at the Ni and Ti substrates, the materials were first hydrogenated at 200 °C under a hydrogen pressure of 3 MPa. At this temperature, the magnesium deposits were found to be stable (Figure 4a) . However, at a higher temperature of 300 °C the film of the agglomerated magnesium nanoparticles started to degrade (Figure 4b ). After hydrogenation at 200 °C, XRD analysis confirmed that the magnesium deposited on the Ti substrate for 15 h was fully hydrogenated ( Figure S2 ), hence we assumed that full hydrogenation was also occurring for the smaller magnesium particles with very weak to no XRD diffraction peaks (i.e., Ni/1 h-10 h, Figure 1c ). 
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In order to assess the hydrogen sorption properties of the magnesium nanoparticles deposited at the Ni and Ti substrates, the materials were first hydrogenated at 200 °C under a hydrogen pressure of 3 MPa. At this temperature, the magnesium deposits were found to be stable (Figure 4a) . However, at a higher temperature of 300 °C the film of the agglomerated magnesium nanoparticles started to degrade (Figure 4b) . After hydrogenation at 200 °C, XRD analysis confirmed that the magnesium deposited on the Ti substrate for 15 h was fully hydrogenated (Figure S2 ), hence we assumed that full hydrogenation was also occurring for the smaller magnesium particles with very weak to no XRD diffraction peaks (i.e., Ni/1 h-10 h, Figure 1c) . The hydrogenated materials were then analysed by TGA/MS to determine their hydrogen desorption profiles. As shown Figure 5a , deposition of 1 h onto the Ni substrate led to the lowest hydrogen desorption temperature. The latter started at 210 • C with a peak at 295 • C. Higher deposition times led to an increase in the temperature at which hydrogen was released (Figure 5a ), but remarkably the onset for hydrogen release remained at 210 • C. This may be regarded as the initial point to trigger hydrogen desorption and thus was assigned to the catalytic effect of the Ni substrate in facilitating the recombination of hydrogen atoms at the magnesium surface [29, 30] . Indeed, on the noncatalytic Ti substrate, the onset temperatures for hydrogen desorption significantly differed (by 50 • C) as particle size increased and the surface area decreased accordingly (Figure 5b ), in agreement with previous reports [15] . The initial desorption of hydrogen at 210 • C is also consistent with reported thermal desorption spectra of molecular hydrogen adsorbed at Ni surfaces [31] [32] [33] . It can thus be concluded that the shift in desorption temperature observed on the Ni catalytic substrate from 290 to 390 • C as particle size increased from 68 ± 11 to 421 ± 70 nm is related to rate-limiting steps other than hydrogen recombination at the magnesium surface. The hydrogenated materials were then analysed by TGA/MS to determine their hydrogen desorption profiles. As shown Figure 5a , deposition of 1 h onto the Ni substrate led to the lowest hydrogen desorption temperature. The latter started at 210 °C with a peak at 295 °C. Higher deposition times led to an increase in the temperature at which hydrogen was released (Figure 5a ), but remarkably the onset for hydrogen release remained at 210 °C. This may be regarded as the initial point to trigger hydrogen desorption and thus was assigned to the catalytic effect of the Ni substrate in facilitating the recombination of hydrogen atoms at the magnesium surface [29, 30] . Indeed, on the noncatalytic Ti substrate, the onset temperatures for hydrogen desorption significantly differed (by 50 °C) as particle size increased and the surface area decreased accordingly (Figure 5b ), in agreement with previous reports [15] . The initial desorption of hydrogen at 210 °C is also consistent with reported thermal desorption spectra of molecular hydrogen adsorbed at Ni surfaces [31] [32] [33] . It can thus be concluded that the shift in desorption temperature observed on the Ni catalytic substrate from 290 to 390 °C as particle size increased from 68 ± 11 to 421 ± 70 nm is related to rate-limiting steps other than hydrogen recombination at the magnesium surface. Figure S3 ). [34] The increase in signal above 400 °C on the Ti substrate corresponds to a drift of the baseline.
In order to determine the evolution of the overall activation energy (Ea) of the hydrogen desorption process, hydrogen desorption profiles were measured by MS at different rates ( Figure S4 ) and the Ea determined from the Kissinger's equation (Figure 6a) . The results are summarised in Table  1 and Figure 6b . Remarkably, Ea was found to be significantly lower on the catalytic Ni substrates than Ti. For example, the 341 ± 60 nm magnesium particles on the Ti substrate had an Ea of 125.4 ± 2.6 kJ·mol −1 H2, which is more than twice the activation energy of the 421 ± 70 nm magnesium particles at the Ni substrate. This is in agreement with previous reports showing a significant reduction of the activation energy when Ni is incorporated in the Mg/MgH2 system to minimise the first initial energy barrier of hydrogen dissociation/recombination at the magnesium surface. For example, Hanada et al. reported the significant decrease in Ea from 323 ± 40 to 94 ± 3 kJ·mol −1 H2 upon incorporation of nanosized Ni to ball-milled MgH2 [29] . It is noteworthy that for the smallest particle size of 68 ± 11 nm, Ea decreased to 37.8 ± 0.7 kJ·mol −1 H2 and, to the best of our knowledge, this is the lowest activation energy observed for the release of hydrogen from MgH2. Low activation energies have also been reported for other systems (e.g., on Cr-catalysed magnesium thin films a value of 65.7 kJ·mol −1 was reported [35] ), while values ranging from 45.67 to 118 kJ·mol −1 have been reported for catalysed or uncatalysed ball-milled MgH2 [36] [37] [38] [39] . Such a decrease in Ea could be assigned to reduced particle sizes in addition to the catalytic effect of Ni and/or additional contribution for varying crystallite sizes [40] . However, additional determination of the crystallite size by using the Scherrer equation reveals similar crystallite sizes for the magnesium particles deposited at the Ni and Ti substrates (Table 1) . Hence, the decrease in Ea observed was assigned to the sole effect of particle size. Figure S3 ). [34] The increase in signal above 400 • C on the Ti substrate corresponds to a drift of the baseline.
In order to determine the evolution of the overall activation energy (E a ) of the hydrogen desorption process, hydrogen desorption profiles were measured by MS at different rates ( Figure S4 ) and the E a determined from the Kissinger's equation (Figure 6a) . The results are summarised in Table 1 and Figure 6b . Remarkably, E a was found to be significantly lower on the catalytic Ni substrates than Ti. For example, the 341 ± 60 nm magnesium particles on the Ti substrate had an E a of 125.4 ± 2.6 kJ·mol −1 H 2 , which is more than twice the activation energy of the 421 ± 70 nm magnesium particles at the Ni substrate. This is in agreement with previous reports showing a significant reduction of the activation energy when Ni is incorporated in the Mg/MgH 2 system to minimise the first initial energy barrier of hydrogen dissociation/recombination at the magnesium surface. For example, Hanada et al. reported the significant decrease in E a from 323 ± 40 to 94 ± 3 kJ·mol −1 H 2 upon incorporation of nanosized Ni to ball-milled MgH 2 [29] . It is noteworthy that for the smallest particle size of 68 ± 11 nm, E a decreased to 37.8 ± 0.7 kJ·mol −1 H 2 and, to the best of our knowledge, this is the lowest activation energy observed for the release of hydrogen from MgH 2 . Low activation energies have also been reported for other systems (e.g., on Cr-catalysed magnesium thin films a value of 65.7 kJ·mol −1 was reported [35] ), while values ranging from 45.67 to 118 kJ·mol −1 have been reported for catalysed or uncatalysed ball-milled MgH 2 [36] [37] [38] [39] . Such a decrease in E a could be assigned to reduced particle sizes in addition to the catalytic effect of Ni and/or additional contribution for varying crystallite sizes [40] . However, additional determination of the crystallite size by using the Scherrer equation reveals similar crystallite sizes for the magnesium particles deposited at the Ni and Ti substrates (Table 1) . Hence, the decrease in E a observed was assigned to the sole effect of particle size.
Similarly on the Ti substrate, Ea was found to decrease with particle size (Table 1) . Like other systems including palladium [41] , sodium alanate [42] , and lithium amide [43] . In order to determine the initial rate-limiting step of the hydrogen desorption process from the magnesium nanoparticles and assess the potential catalytic effect of the Ni substrate, the materials after 5 h deposition was cycled and the kinetics curves obtained were fitted using the general equation of a solid-state reaction (9) [44] :
where α is the amount of hydrogen released in time t, k = k(T,P,r) is the reaction rate, and G(α) is a function depending on the mechanism controlling the reaction. The main theoretical functions G(α) are summarised in Table 2 . In order to facilitate the fitting of the hydrogen curves measured and ease the distinction of reaction mechanisms, the method of Hancock and Sharp was used [45] . Since nucleation and growth processes in condensed systems follow the almost universal Equation (10), the method consists of plotting ln(−ln(1 − α)) versus ln(t).
where B is a constant that depends on the nucleation frequency and linear rate of the grain growth, and m is a constant that varies according to the geometry of the system. Hence, determining the value of m would indicate the main rate-limiting step of the hydrogen desorption process. Table 2 . Summary of main model functions describing solid-gas kinetics. Similarly on the Ti substrate, E a was found to decrease with particle size (Table 1) . Like other systems including palladium [41] , sodium alanate [42] , and lithium amide [43] . It is thus apparent that E a depends upon magnesium's particle size, with the initial step of hydrogen dissociation/recombination as the main rate-limiting step. However, once this barrier is minimised though the use of a catalyst, additional rate-limiting steps will remain in the form of the hydrogen penetration, diffusion, and nucleation and growth of the hydride phase.
In order to determine the initial rate-limiting step of the hydrogen desorption process from the magnesium nanoparticles and assess the potential catalytic effect of the Ni substrate, the materials after 5 h deposition was cycled and the kinetics curves obtained were fitted using the general equation of a solid-state reaction (9) [44] :
where B is a constant that depends on the nucleation frequency and linear rate of the grain growth, and m is a constant that varies according to the geometry of the system. Hence, determining the value of m would indicate the main rate-limiting step of the hydrogen desorption process. Shrinking core with decelerating velocity: controlled by diffusion
Such an analysis was only possible for the material after 5 h electrochemical deposition, owing to the minimum amount of magnesium required to obtained meaningful kinetic curves and the need for relatively low hydrogen desorption temperatures to avoid any significant degradation of the magnesium film. Figure 6c,d show the hydrogen kinetics of the magnesium nanoparticles at different temperatures after initial hydrogen absorption at 150 • C, and the associated fits following the method of Hancock and Sharp [45] for α values comprised between 0.1 and 0.5 to minimise uncertainties related to the initial conditions of desorption, as well as any variations related to particle-size distribution and other geometrical effects. At the low temperature of 150 • C, the hydrogen desorption kinetics were slow and the slope of the fit was found to be close to m = 1.25 (Figure 6d ), which indicates that the desorption process is surface-controlled. This is in agreement with the hydrogen desorption profiles observed at the Ni substrate (Figure 5a ) and the significant hydrogen evolution happening for temperatures above 210 • C.
At higher temperatures, the hydrogen desorption kinetics were faster, and the slope of the fits shifted to values of m = 0.72 at 200 • C and m = 0.68 at 250 • C (Figure 6d ). The rate-limiting step was thus assigned to a shrinking core model controlled by diffusion (i.e., the desorption is controlled by the reaction at the Mg/MgH 2 shrinking core interface with the interface reaction proceeding at constant velocity and not the surface anymore). Hence, for the magnesium particle of 225 ± 35 nm, at low temperatures (<210 • C) the hydrogen desorption kinetics would be controlled by the ability of the surface to recombine hydrogen, while at higher temperatures (where this is facilitated by Ni), the main rate-limiting step would be the diffusion of hydrogen at the Mg/MgH 2 interface. As particle size is reduced, such a rate-limiting step should be facilitated in agreement with the reduction in E a observed (Table 1) .
Previous investigations have shown that for bigger magnesium particles of a few micrometres prepared by ball-milling, the rate-limiting step is mainly controlled by the growth of several nuclei and thus the associated nucleation and growth process [1] . For much smaller magnesium particles of a few hundred nanometres it can be assumed that single nuclei will be formed and thus the reaction will then be controlled by diffusion, as currently found. Hence, improving the hydrogen kinetics will require finding effective additives to enhance the diffusion of hydrogen or synthesise novel magnesium nanocrystalline structures with enhanced hydrogen diffusion. At much smaller particle sizes of a few nanometres, the process has been reported to be controlled by nucleation and growth, owing the extremely short diffusion distances and the large surface area [20] . Hence, additional improvement will require an adequate catalyst to facilitate this process.
Conclusions
The electrochemical deposition of magnesium from the reduction of di-n-butylmagnesium on Ni and Ti substrates was used to generate magnesium nanoparticles of various sizes, and thus evaluate the evolution of E a for the decomposition of MgH 2 as a function of particle size. On the Ni substrate, magnesium particles with various sizes (ranging from 68 ± 11 nm to 421 ± 70 nm) were synthesised, and these particles showed a significant decrease in E a as particle size decreased. Hence, E a was reduced from 56.1 to 37.8 kJ·mol −1 H 2 as magnesium particle size was reduced from 421 ± 70 to 68 ± 11 nm. E a on the Ni substrate (56.1 kJ·mol −1 H 2 ) was found to be much lower than on the Ti substrate (125.4 kJ·mol −1 H 2 ) at similar particle sizes. More remarkably, E a was found to depend upon particle size of magnesium with the initial step of hydrogen dissociation/recombination as the main rate-limiting step. However, once this barrier was minimised through Ni catalysis, the main rate-limiting step was found to be related to the hydrogen diffusion toward the desorbing MgH 2 /Mg interface. It is thus apparent that upon appropriate catalysis of the hydrogen dissociation/recombination, fast hydrogen kinetics should be feasible with very small magnesium particles. Assuming that similar improvements can be achieved with respect to the thermodynamic of the magnesium/hydrogen reaction, the approach of nanosizing may lead to an effective route toward room-temperature magnesium-based materials for hydrogen storage. Figure S4 : Hydrogen desorption profiles obtained by MS at various heating rates (5, 10, and 20 • C·min −1 ) of the magnesium nanoparticle deposited at the Ni and Ti substrates. Only the first peak corresponding to hydrogen release from the magnesium nanoparticles supported on the Ni substrate was used to calculate E a .
